Abstract: A new soil water retention curve (SWRC) equation, generalized from previous models and the latest understanding of soilwater interaction, explicitly accounts for capillary and adsorptive processes. Under the assumption of local thermodynamic energy equilibrium, soil water is one of two types (capillary and adsorptive), and occurs in three retention regimes in the order from high to low matric potential: Capillary, adsorbed film, and tightly adsorbed soil water. A new equation for adsorptive water as a function of matric potential is introduced. The transition between adsorption and capillary regimes is smoothly described with a cavitation probability function imposed on a commonly used SWRC model. Three parameters (adsorption capacity, adsorption strength, and mean cavitation suction) are defined, replacing the commonly used parameters of residual moisture content, pore structure, and residual suction. The soil water retention data for 21 soils, representing a variety of soil compositions, are used to assess the proposed SWRC equation in comparison with other SWRC models. The proposed SWRC equation is shown to be a statistical improvement over other models in both the high and full suction range. The calculated adsorption capacities of these soils accord well with an existing adsorption-capillary based SWRC model and experimental evidence.
Introduction
Matric potential refers to the deficit of soil water potential with respect to pure water relative to ambient pore air pressure. Two distinct physical mechanisms reduce matric potential: Adsorption and capillarity. Capillarity occurs due to the presence of a curved air-water interface in soil pores, whereas adsorption of water on or within soil particles occurs due to the presence of exchangeable cation hydration, mineral surface, or crystal interlayer surface hydration. Matric potential therefore reflects the energy equilibrium among mineral, water, and air in a soil.
By convention, matric potential is negative in sign. The lowest matric potential for an oven-dry soil (105°C) is assumed to be −10 6 kilopascals (kPa) and constant for all soils (e.g., Campbell and Shiozawa 1992; Fredlund and Xing 1994) . Recent studies using vapor adsorption techniques for measuring matric potential values of less than −100,000 kPa indicate that the lowest matric potential is not a constant quantity (Likos et al. 2011; Jensen et al. 2015; Lu and Khorshidi 2015) . Rather, the limiting matric potential strongly depends on the mineral composition of the soil and could vary between −0.3 × 10 6 and −1.2 × 10 6 kPa (Lu and Khorshidi 2015) .
In the literature, matric suction or suction is often used for convenience in lieu of matric potential, and is defined as the negative of matric potential. Note that this definition is nontrivial as it differs from the common definition of matric suction as the difference between ambient air pressure and pore water pressure, which is more appropriately called capillary suction. The former definition is more general. The pressure concept for pore water is incomplete when adsorption water exists under both capillary and adsorption water retention mechanisms (Tuller and Or 2005; Frydman and Baker 2009; Lu and Khorshidi 2015) .
The equilibrium condition or the relation between the volumetric water content (hereafter water content) of soil and its prevailing matric suction is termed the soil water retention curve (SWRC) or soil water characteristic curve. Because each soil has a unique chemical composition and pore-size distribution, the energy equilibrium conditions or the relation between water content and matric suction is unique. Furthermore, because interaction energies between water and minerals are state-dependent, the SWRC also is hysteretic; i.e., a fixed water content could have different equilibrium matric suction values, depending on wetting or drying history. Because capillary and adsorption water retention mechanisms are different in physics, the soil water retention (SWR) hysteretic mechanisms could be different too. For capillarity, matric suction is below the pore water cavitation suction, and the hysteresis is often attributed to the differences in solid-liquid-air contact angle (Letey et al. 1962 ) and pore geometries (Childs 1969) . For adsorption, matric suction could be above the pore water cavitation suction, the pressure concept is incomplete, and the SWR hysteresis has only recently been attributed to different yet coexisting hydration mechanisms (Lu and Khorshidi 2015) .
The SWRC is considered a fundamental constitutive function in vadose zone hydrology and modern soil mechanics. In order to quantify water distribution or movement in unsaturated soil, knowledge of the SWRC is necessary. If Darcian flow is assumed, the SWRC is used to quantify the gradient of the driving matric potential. Also, one can use Darcy's law together with the hydraulic conductivity of the soil to quantify the specific discharge under unsaturated conditions in many ongoing geotechnical problems. Examples of such problems are waste containment systems (Benson and Daniel 1990; Khire et al. 1997) , waste barriers (Shackelford et al. 2002) , and levees and embankment systems (Stark et al. 2014) . The SWRC has also been considered key to understanding the mechanical behavior of unsaturated soil such as shear strength (Fredlund et al. 1996) , deformation (Lu and Kaya 2012) , and effective stress (Khalili and Khabbaz 1998) or the suction stress characteristic curve (SSCC) (Lu and Likos 2006; Lu et al. 2010) . Some recent work demonstrates that the SWRC and SSCC can be intrinsically related (Lu et al. 2014 ).
Mechanisms and Suction Regimes for Soil Water Retention
Soil attracts water by its ability to lower the water potential. This ability arises from two distinct physical mechanisms as shown in Fig. 1(a) . Each of these mechanisms does not directly depend on the other and operates over a different range of suction. Capillary occurs at low suction or high matric potential. Starting from full saturation state where water content is equal to porosity, suction could be greater than zero. At some further higher suction, a soil will rapidly become de-saturated. The transition between a saturated and unsaturated state, though generally rapid, is a smooth process with a dominant suction value for each soil. This suction is termed air-entry suction, is characteristic of a soil, and will be retained in the proposed SWRC model. For suctions from greater than the air-entry value to approximately a few thousands of kPa, the soil water retention is in the capillary regime because of the presence of the curved air-water interfaces in soil pores.
As governed by Kelvin's equation, the SWRC within the capillary regime strongly depends on the pore-size distribution. Such dependence can be observed in graphs of the curve as the steepness of the SWRC. This important characteristic, together with the air-entry suction, has been accurately described by many SWRC models such as the van Genuchten (VG) model (Van Genuchten 1980) and the Fredlund and Xing (FX) model (Fredlund and Xing 1994) , and will be adopted in the proposed SWRC model.
In the range of suctions less than approximately 100 megapascals (MPa), water menisci begin to recede into the corners of micrometer-sized particles as illustrated in Fig. 1(a) . In this range, the theory to quantify suction is well established using a form of Kelvin's equation, where suction of the pore water can be calculated as the surface tension of water times the principal curvature of the water-air interface (Hu et al. 1995; Or and Tuller 1999) . While still lacking of accurate theories for predicting cavitation in soil, experimental evidence from different porous materials including soils indicates that cavitation of water occurs up to 140 MPa of suction (Zheng and Durben 1991) . From this evidence, cavitation clearly occurs as a gradual process instead of in a stepwise fashion, typically with a mean cavitation suction. The probabilistic cavitation process will be explicitly accounted for in the proposed SWRC model. Fig. 1 . Illustration of (a) conceptual model for soil water retention regimes and key characteristic states and stages along the SWRC; (b) the proposed soil water retention curve based on capillary and adsorption water, the physical parameters, and their varying ranges Adsorption occurs at high suction or low matric potential (McQueen and Miller 1974) . A recent study further identifies three types of adsorption that occurs in soils, each with different physical origins and operating ranges: Cation hydration, inner surface hydration, and particle surface hydration. Cation hydration operates in the highest suction range because its origin is the Colomb electric force at the atomic scale, resulting in different specific surface areas of surrounding cation relative to particle surface area in expansive soils . The Colomb force diminishes rapidly as hydration water increases beyond a few layers of water molecules, which corresponds to suction on the order of a few hundreds of MPa. Here the water is strongly bonded on the exchangeable cations and the water retention regime is considered tightly adsorbed. The van der Waals force, on the other hand, is orders of magnitude smaller than the Colomb force (Mitchell and Soga 2005; Israelachvili 2011) , and becomes a significant force for adsorption when suction is below a few hundreds of MPa. The van der Waals force is primarily responsible for inner-layer surface hydration (expansive soil) and particle surface hydration (expansive and nonexpansive soil). Water retained by the van der Waals force forms a moveable film on particle surface, and the water retention regime is considered as an adsorbed film. Both the upper and lower bounds of suction for the adsorbed film are well defined at the present time, ranging from several hundreds of MPa to several thousands of kPa Frydman and Baker 2009) . Above several hundreds of MPa, van der Waals forces alone do not account for SWR behavior (Tuller and Or 2005; Frydman and Baker 2009) . Depending on both the type and quantity of minerals, the total adsorption water for each soil will reach a maximum value called the adsorption capacity near the lower bound suction of this regime (Tuller and Or 2005; Revil and Lu 2013) . Because soil water in this regime is theoretically different than that in the capillary regime, the adsorption capacity will be used as a benchmark parameter. Recently, several theories have been formulated for the SWRC and hydraulic conductivity function due to adsorption within this regime (e.g., Tuller and Or 2005; LeBeau and Konrad 2010; Revil and Lu 2013) .
While the upper bound still remains unsettled, the highest suction inferred from a recent study indicates that adsorption suction can reach to 1,200 megapascals (MPa) for some soils (Lu and Khorshidi 2015) . Instead of the clay fraction, the cation type (e.g., Na þ , Li þ , Ca 2þ ) or mineral type (e.g., montmorillinite or illite) likely controls the highest suction. Other experimental SWR data in high suction ranges also indicate that the highest suction is not a constant and ranges from 300 to 1,200 MPa (Jensen et al. 2015) . Nonetheless, the highest suction of 1,000 MPa has been assumed in several SWRC models (Campbell and Shiozawa 1992; Fredlund and Xing 1994) . In the proposed SWRC model, the highest suction will be considered as an independent variable.
While the governing forces for soil-water interactions may be different in each of the three water retention regimes, the local matric potential equilibrium provides the foundation for the concept of the SWRC. The equilibrium soil water for a fixed suction can be divided into two components: Adsorption and capillary. In the capillary regime [ Fig. 1(a) ], both adsorbed water and capillary water contribute to soil water. However, the adsorbed water in this regime has already reached its capacity such that capillary water is solely responsible for changes in soil water. In the adsorbed film regime, adsorbed water and capillary water coexist with the same matric potential, but vary and contribute to soil water independently. In the tightly adsorbed regime there is no capillarity, and soil water is equal to the adsorbed water.
Background on SWRC Modeling
Because in the field matric suction can vary over 6 orders of magnitude from 0 to 1.2 × 10 6 kPa (Lu and Likos 2004) , measuring and modeling the SWRC continues to be an active and challenging research arena. Many laboratory and field techniques and SWRC models have been developed, yet none of the measurement techniques can cover the full suction range (i.e., zero to oven-dry suction). Among many SWRC models, a few provide continuous and smooth models of the SWRC in the full suction range such as the van Genuchten (VG) model (Van Genuchten 1980) and the Fredlund and Xing (FX) model (Fredlund and Xing 1994) . Nevertheless, all models are empirical in nature, meaning that fitting parameters are introduced in the SWRC models to simulate the geometry of measured SWRC data. Some parameters, such as the air-entry suction and pore-size distribution, are more clearly attached to physical interpretations, whereas others, such as the residual moisture content and residual suction, are vague. Most models have been established based on the shape of the SWRC and not on water-retention mechanisms. However, some studies have attempted to develop theoretical SWRC models. For example, idealized pore geometries were used to established theoretical SWRC models in the capillary regime Likos and Jaafar 2013) as well as in the adsorbed film regime Tuller and Or 2005; LeBeau and Konrad 2010) . Recently, Revil and Lu (2013) developed an equation that covers for the full suction range based on theoretical consideration of both adsorption and capillarity; this is known as the Revil and Lu (RL) model.
Because the proposed SWRC model is based on some aspects of three existing SWRC models, namely the VG model, FX model, and RL model, these will be briefly introduced. In the VG SWRC model, the total water content (θ) is expressed as
where ψ = matric potential; θ s = porosity of the soil or saturated water content when suction is zero; θ r = residual moisture content; α = inverse of the air-entry suction; n = pore-size distribution parameter; and m = parameter reflecting the overall geometry of the SWRC. The physical meaning of the residual moisture content θ r , which is a fitting parameter, is not well defined. The overall geometry of SWRC is described by the parameter m, which is also a fitting parameter. Because the VG equation does not explicitly distinguish adsorption water and capillary water, both pore-size distribution and adsorption strength are lumped into the combined parameters n and m. The FX model can be written as follows:
where ψ r = suction (kPa) corresponding to the residual water content commonly set to be 1,500 kPa; ψ max = highest suction (kPa) corresponding to zero water content commonly set to be 10 6 kPa (Fredlund and Xing 1994) ; a = fitting parameter related to the airentry suction and equivalent to the α parameter in the VG model; n = fitting parameter related to pore-size distribution; and m = fitting parameter controlling the overall geometry of the SWRC (Fredlund and Xing 1994) . In the RL model, the local matric potential equilibrium principle was applied to explicitly distinguish between the capillary and adsorbed waters. Mathematically, this principle ensures that the following superposition condition always holds along a SWRC:
where θ a ðψÞ = adsorbed water; and θ c ðψÞ = capillary water under the prevailing suction ψ. The benchmark points and stages in the proposed SWRC model are illustrated in Fig. 1(b) . Based on the RL model, capillary water ½θ c ðψÞ can be fully described by Eq. (1) in the VG model by replacing the residual water content θ r by adsorption water θ a ðψÞ as follows:
For the adsorption water content θ a ðψÞ, Revil and Lu (2013) examined the widely known Brunauer, Emmett, and Teller (BET) (Brunauer et al. 1938) and Freundlich (e.g., Ponec et al. 1974; Jeppu and Clement 2012 ) models in describing solid-liquid adsorption phenomena by using SWR data for clayey soils. They concluded that while both models can be adopted for SWR behavior in clayey soils, the Freundlich model performs better because it realistically reaches a clear limit (adsorption capacity) below a specific suction, whereas there is no bound for the BET model. The Freundlich model describes the amount of adsorbate (liquid) on a flat adsorbent (solid) in thermodynamic energy equilibrium with the ambient adsorbate (in vapor phase) as follows:
where θ amax = adsorption capacity; RH = concentration of the water vapor or relative humidity; and M = adsorption strength. By imposing a form of Kelvin's equation, Revil and Lu (2013) rewrote Eq. (5) as follows:
where v w = molar volume of water (1.8 × 10 −5 m 3 =mol); R = universal gas constant (8.314 J=mol · K); and T = temperature in Kelvin. A graphic illustration of this equation is shown as the thin solid curve in Fig. 2 (a). The characteristics of the power function [Eq. (5)] or exponential function [Eq. (6)] can also be found in other well-known adsorption models such as the Langmuir (Ponec et al. 1974; Jeppu and Clement 2012) and BET (Brunauer et al. 1938 ) models.
As conceptualized in Fig. 1 (b) and Eq. (3), pore-size distribution primarily controls capillary water but not adsorption water. The adsorption strength is only controlled by mineral type and quantity, and bears little relation to pore-size distribution. Given this basis, Revil and Lu (2013) 
Development of the Proposed SWRC Model
Two new developments reside in the proposed SWRC model: A closed-form (smoothly varying over the entire suction range) equation for adsorption water ½θ a ðψÞ, and a smooth-probability function superimposed on the VG model for capillary water ½θ c ðψÞ. In developing an accurate description of each of the two water contents shown in Eq. (3), seven physical parameters are employed and listed in Fig. 1(b) . All of the parameters are adopted from previous SWRC models, but are redefined with clearer physical meaning and ways to determine their value.
New Model for Adsorption Water
The proposed SWRC model can be considered as an extension of the RL model (Revil and Lu 2013) . While adopting Eq. (5) (vapor concentration or RH) to Eq. (6) is thermodynamically rigorous, this adaptation creates some practical challenges. Zero-vapor concentration or humidity can be defined and measured, whereas the corresponding thermodynamic equivalent suction cannot. In other words, the adsorptive water in Eq. (6) becomes zero only when suction becomes infinity. As illustrated in Fig. 1(b) , there will be no capillary water in the tightly adsorbed regime such that the total water content will also be zero in accordance with Eq. (3). However, each soil has a unique suction at which the total water content is zero. This aspect will be recognized in the proposed SWRC.
Another challenge with respect to Eq. (6) is that the adsorption water content is intrinsically underestimated because the quantity RT=v w is ∼137,000 kPa at room temperature (25°C). This indicates that most adsorption will occur at suctions below 137,000 kPa no matter the type or quantity of minerals of a soil. While adjustments can be made through parameter M, the RL model can lead to overpredicting capillary water (θ c ) at very high suction (e.g., ψ > 10 MPa) for some soils. To alleviate the aforementioned restriction and retain the exponential form for adsorption, the following equation is considered:
where the maximum suction is used as the denominator in the exponent to ensure that most adsorption occurs below the highest suction, i.e., instead of at 137,000 kPa. This equation is depicted as the dotted curve in Fig. 2(a) . However, like Eqs. (6) and (7), it requires an infinite suction at zero adsorption water content. Preserving the characteristics of the power function for adsorption, the following equation can be considered:
As illustrated by the dashed curve in Fig. 2(a) , this equation overpredicts the highest suction. By redefining the relative suction in the exponential term and letting 1=M ¼ m, the following closedform equation is proposed for the adsorption water:
This equation is illustrated as the thick solid curve in Fig. 2(a) . Eq. (9) retains the characteristics of adsorption process, satisfies the physical constraint of the highest suction when the water content is zero, and describes a suitable amount of adsorption water occurring near the highest suction. The redefined adsorption strength, m, controls the changing rate of adsorption near the highest suction or in the tightly adsorbed and adsorbed film regimes. An important feature of Eq. (9) is that parameter m does not control the total amount of the adsorbed water, which is fully controlled by the adsorption capacity (θ amax ). The adsorption strength m varies between 0 and 1, and the ability of m to control the changing rate of adsorbed water in high suction is further illustrated in Fig. 2(b) . Higher adsorption strength (e.g., m ¼ 1.00) indicates that most of the adsorption can occur within a few hundreds of MPa to the highest suction (ψ max ¼ 500 MPa in this illustration), whereas low adsorption strength (e.g., m ¼ 0.01) indicates that most of the adsorption can occur over a much lower suction range down to a few thousands of kPa.
New Model for Capillary Water
The deficiency in overpredicting capillary water in the RL model can be overcome by recognizing the cavitation phenomena and its process. While a general understating of cavitation of water as a bulk body is known, understanding of cavitation physics in porous media remains elusive, as this concept involves metastable phase change and is highly sensitive to environmental factors such as purity of water and contacting materials. Nevertheless, two pertinent features about water cavitation are experimentally well documented: Large variations in cavitation pressure and a probability distribution of the suction at its onset. As examples, the highest cavitation suction of 7 MPa has been reported for silica (Duan et al. 2012) , 16 MPa for Pyrex glass beads (Henderson and Speedy 1980) , and 140 MPa for quartz (Zheng and Durben 1991) . These experimental studies also demonstrated that cavitation is a rapid yet smooth process over a range of suctions that can be well described by a probability distribution function such as normal distribution (Herbert et al. 2006) .
In general, smooth or homogeneous porous surfaces such as natural quartz promote high cavitation, whereas suctions and heterogeneous porous surfaces such as soil should result in much lower cavitation suctions. Nonetheless, only a handful of experimental and theoretical studies in soils have been reported (Chahal and Yong 1965; Or and Tuller 2002; Toker et al. 2003; Or and Tuller 2003; Frydman and Baker 2009) . From these studies, cavitation in soil is likely a drainage or drying mechanism in addition to air-entry for capillarity under field conditions, but how cavitation occurs and under what conditions cavitation occurs remain largely unsolved. In light of the previously mentioned studies on water cavitation and unrealistic capillary water predictions in some soils by the RL model, a standard normal distribution function for the probability of water condensation (a reverse of cavitation) is introduced. The cumulative distribution function ½CDFðψÞ corresponding to the standard normal distribution is as follows:
where erfðÞ = error function (Mathews and Walker 1970) ; ψ c = mean cavitation suction; and σ c = standard deviation with the same units of suction. Fig. 2(c) illustrates the probability of the cavitation suction for mean cavitation suctions, ψ c , of 100, 1,000, and 10,000 kPa. The corresponding standard deviation (σ c ) for each of these three mean cavitation suctions is 40, 400, and 4,000 kPa, respectively, or σ c ¼ 0.4ψ c . By imposing the CPF [Eq. (10)] on Eq. (4) and making a commonly used assumption of m ¼ 1 − 1=n in Eq. (4), capillary water can be expressed as follows: 
Eqs. (3), (9), and (12) completely define the proposed SWRC model with a total of 7 physical parameters: Four in Eq. (12) for capillary water, i.e., θ s (porosity or saturated water content); 1=α (air-entry suction); n (pore size distribution); and ψ c (mean cavitation suction), and three in Eq. (9) for adsorption water: m (adsorption strength); ψ max (highest suction); and θ amax (adsorption capacity). Possible ranges of each of the seven parameters are illustrated in Fig. 1(b) .
Assessments of the Proposed SWRC Model

SWR Data Sets
The SWR data from 21 soils covers a variety of soil types from clean sand to bentonite and are used to examine the predictability and performances of the proposed SWRC model along with the previously mentioned 3 other models. The porosity and soil particle-size fractions or fines content (depending on the classification system) are listed in Table 1 . More detailed information on these soils can be found in the references listed in Table 1 . These soils have been previously studied for their hydrologic and mechanical properties. Other than Ottawa sand and Sandy loam, all SWR data were obtained over a wide range of suctions with at least a few data points for water content >10,000 kPa so that the statistical analysis in the high suction range would be meaningful. Because of the wide range of suctions reported, from a few tens of kPa to 480 MPa, multiple methods such as tensiometers, Tempe cells, axial translations, filter papers, salt solutions, pyschrometers, chill-mirrors, and relative humidity chambers were used to measure the suction. The SWR data from those listed in Table 1 are all expressed in terms of the volumetric water content (θ)
Parameters in the Compared SWRC Models
Several means are employed to assess the proposed SWRC models, including (1) direct comparisons with SWRC models commonly used in predicting broad laboratory SWR data sets from a variety of soils described in the previous section; (2) statistical index of the coefficient of determination for both the high (>10 MPa) and full suction ranges; and (3) comparison of adsorption capacity predicted with the RL model. Three existing SWRC models are used: The VG model, FX model, and RL model. Both the VG and FX models have been shown to accurately predict the shapes of SWRCs for all types of soils (Van Genuchten 1980; Fredlund and Xing 1994 ), but do not explicitly separate capillary and adsorption water. The RL model predicts SWR behavior over the full suction range with explicit separations of capillary and adsorption water. Thus, the RL model will be used for comparisons of the prediction in both the SWR data and adsorption capacity. The coefficient of determination, denoted as R 2 , provides a measure on how well a model fits the data by measuring the smallest square area between the data point and the model function. Because no reliable technique exists to experimentally quantify or validate capillary or adsorption water in soils, comparisons in model predictions are used. The adsorption behaviors of a few soils (Wyoming bentonite, Georgia kaolin, Denver bentonite, and Denver claystone) have been previously studied, and these behaviors will be compared with the available adsorption studies in the literature.
The VG model is defined by Eq. (1) with five fitting parameters: α, n, m, θ r , and θ s . In this study, all parameters except θ s are fitted, as the porosity of θ s is known. The RL model is defined by Eqs. (3), (4), and (6) with five fitting parameters: α, n, m, θ amax , and θ s . Again, only the first four parameters are fitted. The FX model is defined by Eq. (2) with seven parameters, including the implicit zero residual water content. However, only three parameters 0.334 n/a n/a n/a 0.05 Korea Oh et al. (2012) a n/d = no data. b n/a = not applicable. (n, m, and a) are fitted with the SWR data. The proposed model is fully defined by Eqs. (3), (9), and (12) with seven parameters. Other than porosity, six parameters will be fitted to yield additional information of the adsorption capacity, highest suction, and mean cavitation suction from the SWR data sets. The results of least squares fits for water content and known parameters of all SWRC models for the 21 soils are shown in Table 2 . For comparison, parameter a in the FX model is calculated as 1=α and listed in the column for parameter α. Parameter ψ r in the FX model is also listed in the same column with parameter ψ c , and the residual water content (θ r ) in the VG and FX models are listed in the same column with parameter θ amax .
Model Performance
Model performance for sandy soils are highlighted in Fig. 3 . The fitted SWRCs for three sandy soils varying from clean sand (Ottawa sand) to that with a small amount of clay (5.6% by gravimetric for Shonai sand) and to a considerable amount of claysize soil (22.4% for Danish sandy soil-L3) are shown in Figs. 3(a, c, and e) . For Ottawa sand, the fitted SWRCs by all 4 models are practically identical for suctions <10 kPa [ Fig. 3(a) ], which is quantified mainly as the capillary water in the proposed model shown in Fig. 3(b) . The residual water content of 0.017 identified by the VG model [ Fig. 3(a) ] is the same as the adsorption capacity identified by the proposed and RL models [ Fig. 3(b) ]. Fig. 3(b) shows that adsorption occurs for suctions > ∼ 10 kPa. In this case, the SWRCs fitted by the RL model and the proposed model follow a nearly identical path but are different than that by the FX model towards the highest suction of 10 6 kPa. All models have high R 2 (>0.9978), with the highest R 2 of 0.9986 for the VG, RL, and proposed models (Table 3 ). In Table 3 a least squares fit is reported for the entire SWR data for a given soil, and the R 2 values with 4 decimal points for both the high suction range (>10,000 kPa) and the full suction range are listed.
For Shonai sand with 5.6% clay, the SWR data and fitted SWRCs are shown in Figs. 3(c and d) . In the capillary regime, the fitted SWRCs are close to each other except near the airentry suction (i.e., different models yield different α parameters) (Table 2 ). However, for suctions > ∼ 5 kPa, the fitted SWRCs are quite different (i.e., the VG model yields a residual water content of 0.030) [ Fig. 3(c) ], whereas the RL and proposed models yield the same value of 0.044 for the adsorption capacity. The FX model follows closely along the straight line connecting the preset highest suction value of 10 6 kPa, whereas the VG and RL models approach to infinity as the water content reduces further. The proposed model yields the highest suction of 309,354 kPa at the zero water content. The RL model has the highest R 2 (0.9956 in bold face type in Table 3 ) for the overall fit, whereas the proposed model has the highest R 2 (0.9046) for the high suction range. For a sandy soil with 22.4% clay-size soil (Danish sandy soil L3), considerable differences in the fitted SWRCs can be seen [ Fig. 3(e) ]. This sandy soil exhibits a high water content (0.35) for suctions >10 kPa. All models predict different α parameters likely due to the lack of SWR data in the low suction range. All models fit the data well in the range of matric suctions between 10 and 100 kPa where the SWR data are grouped. For suctions ranging from 100 to 10,000 kPa, the fitted SWRCs are quite different, again likely due to the absence of test data. Above a suction of 10,000 kPa the VG, RL, and proposed models follow the test data closely, whereas the FX model shows a large gap relative to the other models following a trajectory toward the highest suction of 10 6 kPa. Above the highest measured suction of 225,128 kPa, both the VG and RL models predict suction approaching infinity, whereas the proposed model approaches an upper limit of 1.2 × 10 6 kPa at zero water content. Both the RL and proposed models yield the highest R 2 (0.9985 in bold face type in Table 3 ) in the full suction range and the proposed model shows the highest R 2 (0.9998) in the high suction range. Among those high water contents corresponding to suctions >10 kPa, the proposed model predicts that only 0.034 is attributed to adsorption [ Fig. 3(f) ], whereas the rest is due to the capillarity of clay-size particles, which strongly promotes formation of small menisci in the corners of particle contacts. Fig. 4 illustrates the performance of the SWRC models in different silty soils where clay or clay-size particles compose the major mass fraction. For suctions below ∼100 kPa, all four SWRC models predict the SWRC data closely and agree with each other closely Above 100 kPa of suction, the fitted SWRCs show large discrepancies. The VG model predicts a residual water content of 0.023 for Pachapa loam, but zero for Arizona silty soil-14 and Adelanto loam. This model generally under predicts the SWR data for suctions between 100 and 10,000 kPa, but greatly over predicts the SWR data at higher suctions. The RL model agrees well with both the SWR data and the proposed model for suctions ranging between 100 and 458,485 kPa (the highest SWR data point) except for Arizona silty soil-14, where the predicted suction tends towards infinity as the water content approaches zero. The FX model follows the SWR data closely for suctions above 100 kPa. The proposed model has the highest R 2 (0.9978) for Pachapa loam in the full suction range and the FX model has the highest R 2 (0.9936) in the high suction range. For Adelanto loam, the FX model has the highest R 2 (0.9987) overall, and the RL model has the highest R 2 (0.9950) in the high suction range. For Arizona silty soil-14, the proposed model has the highest R 2 for both the overall (0.9976) and the high suction ranges (0.9968).
A subtle yet noticeable transition from the capillary regime to adsorbed film regime can be observed from a few thousands to 10,000 kPa range, where capillary water content is small and changes in water content mainly reflect changes in adsorption water. This transition pattern is more evident in clayey soils shown in Fig. 5 for three soils: Seochang-2 (sandy clay) in Korea (14% clay-size mass fraction), Georgia kaolin (98% non-expansive clay minerals), and Wyoming bentonite (99% expansive clay minerals). For Seochang-2 [ Fig. 5(a) ], below a suction of 1,000 kPa all fitted SWRCs follow the SWR data closely. However, above this suction, only the proposed model follows the SWR data closely. The decomposed water contents shown in Fig. 5(b) clearly show that capillary water can change up to suction of 10,000 kPa and adsorption water dominates for suctions above ∼10,000 kPa. Interestingly, the SWRC data above 10,000 kPa shows clearly the characteristic pattern of adsorption (i.e., an exponential variation in adsorbed water content). These characteristics can also be seen in the SWR data of Georgia kaolin [Figs. 5(c and d)] and Wyoming bentonite [Figs. 5(e and f)] where adsorption dominates at suctions above ∼10,000 kPa. In the capillary regime all 4 models follow the SWR data closely. The cavitation suctions identified by the proposed model for clayey soils are generally much higher than 100 kPa; 1,567 for Seochang-2, 4,460 kPa for Georgia kaolin, and 11,972 kPa for Wyoming bentonite. For the overall fit, the proposed model has the highest R 2 for both Seochang-2 (0.9952) and Georgia kaolin (0.9959), and the RL model has the highest R 2 for Wyoming bentonite (0.9946). In the high suction range, the proposed model has the highest R 2 (0.9644) for Seochang sandy clay, the FX model has the highest R 2 for Georgia kaolin (0.9697), and the RL model has the highest R 2 (0.9950) for Wyoming bentonite. The identified adsorption capacity for Georgia kaolin is 0.043 (∼0.065 gravimetric water content), which is much lower than the 0.192 for Wyoming bentonite (∼0.243 gravimetric water content). Both of these values are very close to the single-layer hydration water for Georgia kaolin and three layers of hydration water for Wyoming bentonite reported in the literature (Keren and Shainberg 1979; Likos and Lu 2002; . These values are also consistent with the current understanding of the differences between the hydrologic behavior of non-expansive and expansive soils. Georgia kaolin is 1:1 clay mineral with little mineralogical swelling behavior upon wetting, with discrete particles on the scale of micro to submicrometers (10 −7 -10 −6 m). The specific surface area (SSA) of Georgia kaolin is ∼10-40 m 2 =g (e.g., Likos and Lu 2002) . In contrast, Wyoming bentonite is 2:1 mineral with a SSA ∼600-800 m 2 =g (Likos and Lu 2002) and flaky particles mostly in sub micrometers (10 −8 -10 −6 m). The large discrepancy in the SSA between these two minerals comes from the interlayer area inside the particles, i.e., exchangeable cations and spaces between interlayers within the mineral crystals . This large SSA promotes further adsorption in Wyoming bentonite beyond the particle surface such as occurs in Georgia kaolin. The discrete micrometer-size particles in Georgia kaolin promote not only the particle surface hydration, but also capillary menisci among particles, which is consistent with the high mean cavitation suction (4,460 kPa) identified by the proposed model. According to Kelvin's equation, matric suction (ψ) equals to 2T s =r, with r being the capillary menisci radii. The micrometersize kaolin particles, therefore, will promote menisci with submicrometer radii, i.e., 10 −7 m. Substituting r ¼ 10 −7 m and the surface tension of water 72 × 10 −3 N=m into Kelvin's equation leads to a suction of 1,440 kPa, which is on the same order with the predicted mean cavitation suction of 4,460 kPa.
Model Fitness Evaluation
The fitted α parameter for all 21 soils with the four SWRC models indicates that values of 1=α in all four models are highly related to the air-entry suction as shown in Fig. 6(a) . The α parameter in the proposed model has the R 2 of 0.8762 to the VG model, 0.8775 to the FX model, and 0.9931 to the RV model, respectively. These high values of R 2 are expected from a conceptual viewpoint, as both the RL and proposed models utilize the VG model for capillary water content and the FX model can be considered as a modification of the VG model in high suction range (Jensen et al. 2015) .
Comparisons of the predicted adsorption capacity (θ amax ) with the RL model indicate that the predictions are statistically similar and well correlated (R 2 ¼ 0.7083), as shown in Fig. 6(b) . For three soils depicted as hollow circles (Georgia kaolin, Arizona-14, and Danish-J1), the RL model overpredicts adsorption and underpredicts capillary. As shown in Fig. 5(d) for Georgia kaolin, the RL model underpredicts the occurrence of the adsorption water (only exists for matric suction less than 10,000 kPa), and overpredicts the occurrence of the capillary water (exists up to infinity). On a physical basis, this relationship should be the other way around as predicted by the proposed model with the suction due to adsorption water up to 1.2 × 10 6 kPa [ Fig. 5(d) and Table 2 ]. This difference results because the RL model does not explicitly consider the cavitation process.
The mean cavitation suction identified by the proposed model ranges from 100 to 25,000 kPa (25 MPa). This range is consistent with a recent study of water cavitation in silica nanotubes where a cavitation pressure of 7,000 kPa (7 MPa) is reported (Duan et al. 2012) . While currently there is no direct method to detect or quantify the cavitation process in soil, experimental data on other porous materials do exist. These data indicate that cavitation of water can occur at much higher suctions. The limited studies on cavitation of water in soils point to the direction that cavitation suction of soil water could be much higher than 100 kPa. This study indicates that accounting for the total water content by capillarity beyond 100 kPa of suction is necessary. The highest suction identified by the proposed model for the 21 soils ranges from 0.205 to 1.2 × 10 6 kPa, with most of the values (16 soils) reaching the preset upper limit of 11.2 × 10 6 kPa ( Table 2 ). This range is consistent with that found in a recent study by Lu and Khorshidi (2015) .
The overall performances of the SWRC models in terms of the R 2 are listed in Table 3 and subsequently summarized. The values of R 2 in both full and high suction (>10 MPa) ranges are computed. For each soil, the models with the highest R 2 in each of the suction ranges are highlighted in bold face type, including the tied R 2 values. The highest R 2 counts in each suction range and both suction ranges for each model are also listed. Two main conclusions are drawn from the statistical analysis. All four SWRC models can perform well in fitting the WRC data with most values of R 2 > 0.9000. The proposed model has the highest number of R 2 counts in both the full and high suction ranges. This attributes to the explicit conceptualization and quantification of both capillary water and adsorption water with some existing parameters redefined based on the inclusion of the key characteristic stages on the SWRC. occurrence of physical mechanisms and their operating ranges in terms of volumetric water content (θ) and matric suction (ψ). In the existing SWRC models, the air-entry suction and capillary pore drainage are well described. However, other parameters such as the highest suctions, the residual water content and residual suction, and the overall geometry of the SWRC are poorly defined. These parameters also do not represent the key characteristic states and stages on the SWRC well. Furthermore, the physics of adsorption in the tightly adsorbed regime and cavitation process in the capillary regime have never been incorporated in the previous SWRC models, but are redefined and formulated here. Based on the capillary and adsorption water-retention mechanisms, the total water content is conceptualized as the sum of capillary and adsorption water in three overlaying water retention regimes: Tightly adsorbed, adsorbed film, and capillary. The adsorption water content equation is formulated with the characteristics of adsorption process depicted in the previous models with the ability to quantify the highest suction. The capillary water content equation retains the form of the well-known van Genuchten SWRC model but incorporates the probabilistic distribution function for cavitation. This leads to the ability to explicitly describe capillary water at suctions much higher than 100 kPa and provides a physically based transition from the capillary to the adsorbed water retention regimes.
Summary and Conclusions
The new SWRC model is fully defined by Eqs. (3), (9), and (12) with seven parameters; three for adsorption water (ψ max , θ amax , and m) and four for capillary water (α, n, ψ c , and θ s ). The SWR data from a variety of soils are used to compare the proposed SWRC equation and other SWRC models including the Van Genuchten (1980) model, the Fredlund and Xing (1994) model, and the Revil and Lu (2013) model. Statistical analysis using the R 2 for a least-squares-fit of the models with the SWRC data indicates that the proposed model performs the best in the full suction and high suction ranges. In the high suction range, the proposed model was shown to be able to capture the adsorption characteristics exhibited in the SWR data. The predicted adsorption capacities for these soils are also compared with the Revil and Lu (2013) model, and consistent predictions are demonstrated. The predicted mean cavitation suction ranges from 100 to 25,000 kPa, which is consistent with some of the latest experimental data. The predicted highest suction is between 0.3 and 1.2 × 10 6 kPa, which is within the range found in the literature. The SWRC equation not only provides an accurate model to simulate SWR data but also an insightful tool for quantifying SWR behavior.
